Alginate from algal biomass is used as edible film and the incorporation of antimicrobial agents improves its performance to increase the shelf-life of fresh foods. However, environmental conditions and intrinsic properties of films influence their release. The aim of this study was to investigate the effect of the concentration and type of encapsulating agent and pH of emulsions on the physical and antimicrobial properties of alginate-carvacrol films. Films containing alginate, carvacrol as antimicrobial agent, and Tween 20 or trehalose (0.25 and 0.75% w/w) as encapsulating agents were obtained from suspensions at pH 4 and pH 8. Physical characterization of emulsions and films and antimicrobial properties (E. coli and B. cinerea) was evaluated. Results showed that droplets size depended on trehalose concentration, but emulsion stability depended on pH and type of encapsulating agent, being more stable samples with trehalose at pH 4. Although films with Tween 20 presented the highest opacity, they showed the best antimicrobial properties at initial time; however, during storage time, they lost their activity before samples with trehalose and relative humidity (RH) was the principal factor to influence their release. Therefore, sample formulated with 0.25% trehalose at pH 4 and stored at 75% RH had the best potential as edible film for fresh fruits.
Introduction
Edible films and coatings can be considered an additional stress factor for preserving food products, assuring its quality as well as an increased shelf-life. The use of edible films is gaining importance in the protection and preservation of fresh food, as they have the ability to contain antimicrobial active ingredients and compounds that can prolong their shelf-life and reduce the risk of pathogen growth on its surface [1] [2] [3] [4] [5] [6] . Films and coatings can support antimicrobials agents, but matrix structure stability, concentration of the product on the surface, and gradual release into food are all important characteristics for its functionality; therefore it is important to take into account these characteristics in the use of films or coatings [2] .
In development of active edible films and coatings with antimicrobial properties, addition of essential oils (EOs) from herbs and spices has been extensively used as antimicrobial agents. In this sense, Rojas-Graü et al. [7, 8] evaluated the antimicrobial activities against E. coli O157:H7 of several EOs (oregano, cinnamon, and lemongrass) and active oil compounds (OCs), such as carvacrol, cinnamaldehyde, and citral, incorporated on alginate-apple puree edible film in concentrations lower than 0.5% w/w. In those systems, carvacrol exhibited the strongest antimicrobial activity as measured by the film disk agar diffusion assay as a qualitative test for antimicrobial activity of the films. Besides, optimal antimicrobial effects were observed using carvacrol concentration of 1.0% w/w added to the initial apple [9] and tomato [10] films preparation against E. coli O157:H7.
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Hernández-Ochoa et al. [11] studied cumin, clove, and elecampane essential oils added to chitosan films, reporting that clove EO (2% w/w) can be considered for the preparation of active packing material. In addition, antioxidant properties from EOs are reported in gelatin based edible films [12] . Many studies are conducted in order to improve shelf-life of many fresh foods using EOs and OCs added to edible films or coatings. For example, for refrigerated chicken meat, rosemary oil incorporated into cellulose acetate based film was successfully used [13] . Oregano and clove oil added into whey protein isolate coating [14] and thyme oil in alginate coating were also investigated [15] . It was reported that films and coatings based on alginate containing cinnamon, palmarosa, and lemongrass and their main OCs improved the shelf-life and safety of fresh-cut "Piel de Sapo" melon [16] and that films containing eugenol and citral as OCs reduced microbial spoilage and preserved sensory properties of Arbutus unedo L. berries fruit [17] . Besides, lemongrass, oregano, and vanillin oil incorporated into an apple pureealginate edible coatings were used for extending shelf-life of fresh-cut "Fuji" apples [18] . However, despite the lipophilic and volatile nature of the above mentioned compounds (EOs and OCs), authors did not use any type of emulsifier or encapsulating agent. It is important to remark that they can evaporate easily and decompose during preparation of these films and coatings, due to direct exposure to heat, pressure, light, or oxygen [19] . Carvacrol, the major component (50-86%) of oregano essential oil (Origanum sp.) [20, 21] , is a phenolic compound. Its antimicrobial properties have been demonstrated in numerous studies also against bacteria [7] [8] [9] [10] [22] [23] [24] [25] , mold [25, 26] , and yeast [25, 27] .
Edible films and coatings are based on proteins, polysaccharides, and lipids [28] . Among widely used polysaccharides, alginates are natural polysaccharides extracted from brown algal biomass (Phaeophyceae), and it is a salt of alginic acid composed of two uronic acids: -D-mannuronic acid (M) and -L-guluronic acid (G). Principal applications are based on its gel-forming ability through calcium interactions, as food additives (E400⋅ ⋅ ⋅ E405 in Europe) and in the last years as principal matrix of edible films and coatings [5, 7, 8, 15-18, 22, 29-32] . Taking into account that alginate films are hydrophilic matrices, the crosslinking process with polyvalent cations as calcium has been used to improve their water barrier properties, mechanical resistance, cohesiveness, and rigidity [31, 32] . Benavides et al. [22] suggested that physical, mechanical, and antibacterial properties of alginate films can be modified by controlling the level of internal crosslinking produced by the addition of CaCO 3 . Therefore, the addition of CaCO 3 as crosslinker matrix in this study instead of CaCl 2 could permit a slower rate of diffusion of carvacrol into the agar as a result of the higher level of internal crosslinking achieved by the alginate matrix [22] .
In order to maintain the antimicrobial properties in the film during prolonged time, encapsulation of lipid compounds (OCs) could be used, which improves the stability of the lipid, since it is a medium that provides physical protection against oxidation without antioxidants; therefore, the choice of encapsulating agent and/or emulsifier is critical, which influences the stability of the emulsion [33] . Tween 20 has been reported to be the most widely used emulsifier in the formation of emulsions and nanoemulsions [15] , while the physicochemical properties of trehalose have been reported to be very promising concerning its use for microencapsulation [33] . In the other way, the storage conditions could also affect both physical and antimicrobial properties of the film [34, 35] .
It is important to remark that the processing conditions of film forming suspensions, film composition, and the possible interactions between the film forming biopolymer and the other food components present in the matrix could affect additive migration and, as a consequence, its effectiveness as antimicrobial. For some applications, a quick release of the antimicrobial is required to control microbial growth in food. On the contrary, in other applications, a slow release is required so as to assure a certain level of the preservative at the surface to control the external contamination. The determination of the rate of release together with the evaluation of antimicrobial activity through the time might help to optimize the development of films and coatings as a potential active packaging material. One of the experimental design techniques to achieve this aim is the central composite rotatable design (CCRD) of response surface methodology (RSM), an effective and versatile methodological tool for the determination of optimum levels of the processing variables for the parameters studied.
Therefore, the aim of this study was to evaluate the effect of the type of emulsifier on physical, optical, and morphological properties together with antimicrobial (antibacterial and antifungal) gradual activity of alginate based films containing carvacrol during different storage conditions, in order to obtain a prolonged release of the antimicrobial agent as potential applications on coating active material. The central composite rotatable design (CCRD) of RSM was used as a statistical method to optimize the storage conditions of edible films, maximizing inhibition of bacterial growth and minimizing variation of optical properties. Antifungal activity of edible films was evaluated against Botrytis cinerea, which causes the grey mould disease and is one of the most serious diseases of a wide range of crops of worldwide importance. Postharvest losses are important due to development of this fungus during the storage and distribution of harvesting fruits [36] . B. cinerea were isolated from spoiled blueberries var. Brigitta, bought in local market (Santiago, Chile), and were inoculated on PDA medium (Potato Dextrose Agar, Biokar Diagnostics, France) and incubated at 25 ∘ C for 7 days until obtaining a pure culture (2 inoculations). Amongst the isolated strains, Botrytis cinerea were identified at the laboratory according to macroscopic criteria [36] , and fresh cultures of 5 days were used for antifungal measurements.
Materials and Methods

Film Forming Emulsions (FFE) and Film
Casting. Film forming emulsions using distilled water as solvent were prepared based on the following: 1% w/w sodium alginate, 1% w/w sorbitol (as plasticizer), and the antimicrobial agent carvacrol 0.5% w/w (concentration obtained previously through minima inhibition concentration (MIC), taking into account the presence of 1% w/w sodium alginate). Encapsulating agents were incorporated into FFE as the following concentrations: 0.25 and 0.75% w/w of trehalose and 1% w/w of Tween 20. Lower concentrations of encapsulating agents did not allow droplets formation, while higher concentrations of them modified opacity or visual appearance of films, which could affect organoleptic characteristics of the products coated with these FFE. These FFE were homogenized at room temperature for 1 min at 10.000 rpm using homogenizer (Ultraturrax Thristor Regler TR50, Germany). Then, calcium carbonate 0.02% w/w (as alginate crosslinker agent) was added using magnetic stirrer and the pH was adjusted at 4 and 8. The selected pH is the endpoints of the interval growth of both microorganisms. Vacuum was then applied in suspensions to remove bubbles. Films were obtained by warm casting; briefly 40 mL of FFE was put on Petri plates 9 cm in diameter and dried in an oven at 40 ∘ C for 20 h. Dried films were peeled from the casting surface. The thickness of each film was measured with a micrometer (Mitutoyo, Japan). Measurements were taken at five different places on the film and an average value of 0.12 ± 0.02 mm, showing uniform films.
These samples were used for determinations of physicochemical and antimicrobial properties of the films during storage time.
Characterization of FFE
Diameter Size of Droplets.
One of the most important properties to characterize the FFE is the interfacial area of the droplets or average diameter of them, which is represented by Sauter diameter ( 32 ) [37] . It was estimated using (1) [38] . The average droplet diameter of the different FFS was calculated from images in an optical microscope with a calibrated scale at 40x (Carl Zeiss, Germany) using Motic Images Plus (v.2.0, Digital Microscopy Software, Motic China Group Co., Ltd.). At least 100 droplets were measured by quintuplicate of each FFE and the mean of data with their corresponding standard deviation is reported:
where 32 is average droplet diameter Sauter, is number of drops, and is internal diameter ( m).
Stability of Emulsion.
The stability of FFE was analyzed using a vertical scan analyzer Turbiscan MA 2000 (Formulaction, France) at different times during storage at 40 ∘ C. The samples were put in a cylindrical glass measurement cell and the backscattering (BS) profiles as a function of the sample height (total height = 70 mm), acquiring data every 40 m, were studied in quiescent conditions at 23 ± 2 ∘ C. In this way, physical evolution of this process is followed without disturbing the original system and with good accuracy and reproducibility. Measurements were performed immediately after preparation of the emulsions by triplicate. Global stability was followed by measuring the BS mean values as a function of storage time in the middle zone of the tube [39] . The optimum zone was the one where no significant transmitted light was detected, that is, 20-60 mm for all samples.
Characterization of Films
Moisture Content.
Moisture content of films was determined by gravimetric methodology, using an analytical balance (Mettler Toledo, Switzerland) and an oven (Wiseven Daihan Scientific WOF-105, Korea) at 105 ∘ C for 24 h until reaching constant weight (differences less than 0.5%). The analysis was performed by quadruplicate and the moisture content was expressed in % wet basis (g water/100 g wet sample) as the main value with their corresponding standard deviation.
Color and Opacity.
The visual properties of the films can affect appearance of the products and determine acceptability for consumers. Digital images from each film (white and black background) were captured through a computer vision system (CV) setup, which consisted of a black box with four natural daylight (D65) tubes of 18 W (Philips) and a camera (Canon 14 MP PowerShot G3) placed in vertical position at 22.5 cm from samples. The camera lens angle and light were 45 ∘ , according to Pedreschi et al. [40] and Matiacevich et al. [41] . All images were acquired at the same conditions; the camera was remotely controlled by ZoomBrowser software (v6.0 Canon). Camera was calibrated using 30 color charts with a Minolta colorimeter [41] . Color data were obtained in the RGB (red-green-blue) space using Adobe Photoshop v7.0 program and convert into CIEL * * * space standard. Therefore, values of color parameters, lightness ( * ), and chromaticity parameters * (red-green) and * (yellowblue), of each film obtained from image analysis, were equal as those values from the colorimeter. Variation of colors between each films and control film (without carvacrol) was calculated using CIEDE2000 equation [42, 43] .
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Film opacity is a critical property of the film if the film or coating is to be used over the surface of food. The opacity is indicative of the amount of light that can pass through the material and was determined by the Hunter lab method, using the values of lightness ( * ) obtained from the films using white ( * white) and black ( * black) background:
Data reported were the average of five films of each sample with their corresponding standard deviation.
Percentage of Carvacrol Release by DSC.
The percentage of release (% ) of pure carvacrol from films was determined as the ratio of the fusion enthalpy of films containing carvacrol at time zero, already formed (corrected according to the water content of the samples), and the fusion enthalpy of the pure compound, as indicated in (3) [44] . The fusion enthalpy was determined by differential scanning calorimeter (DSC Diamond, Perkin Elmer, USA). The range of working temperatures was −50 ∘ C to 80 ∘ C with a heating rate of 10 ∘ C/min and cooling rate of 40 ∘ C/min. Samples films (∼10 mg) were placed in hermetically sealed capsules:
where Δ is heat of melting of carvacrol in the film and Δ 0 is heat of melting of pure carvacrol. The calculated confidence interval for a 95% certainty was between 5% and 7% of the absolute values.
Molecular Mobility.
Transversal or spin-spin relaxation times ( 2 ) were used to determine water and solids mobility and were measured by time resolved 1 H-NMR in a Bruker Minispec mq20 (Bruker Biospin Gmbh, Rheinstetten, Germany) with a 0.47 T magnetic field operating at a resonance frequency of 20 MHz and at 30 ∘ C. Proton populations of different mobility were measured using the free induction decay (FID) for protons from solid matrix or from water strongly interacting with the solid matrix [45] , under the following conditions: pulse sequence employing a 2.74 s, 90 ∘ pulse length and a 5.06 s 180 ∘ , 4 scans, and relaxation delay of 2 s.
Films were placed in 10 mm diameter glass tubes (to 5 cm height) and were previously equilibrated at 30.00 ± 0.01 ∘ C in a thermal bath (Haake, model Phoenix II C35P, Thermo Electron Corp., Germany). The FID test itself is very fast, taking 10 s, and samples could be measured without appreciable temperature modification. The decay envelopes were fitted to monoexponential behavior.
Microstructural Characteristics of Surface (SEM).
Scanning electron microscopy (SEM, Supra 40, Carl Zeiss NTS) is used to evaluate microstructural characteristics of the surface and cross sections of all films such as film homogeneity and surface smoothness. Dried samples (5 × 3 mm) were mounted on specimen stubs. Samples were freeze-dried, platinum coated, and observed using an accelerating voltage of 15 kV. For cross section observation, the samples were previously fractured using liquid nitrogen.
Surface Hydrophobicity.
The surface hydrophobicity of the films was determined by the drop method, based on optical contact angle method. Contact angle measurements were carried out with an optic system, which comprised zoom video lens (Edmund Optics, NJ, USA) connected to a CCD camera (Pulnix, Inc., San Jose, CA, USA), controlled via software. Drops (5 L) of ethyleneglycol (Aldrich Co.) were manually deposited on the film surface. An image analyzer (software ImageJ with the plugin Drop Shape Analysis) was used to measure the angle formed between the surface of the film in contact with the droplet and the tangent to the droplet at the point of contact with the film surface. The measurements (in both sides of the droplet) were performed within the first 15 s after dropping ethyleneglycol onto film surfaces, to avoid variations due to solvent penetration onto the specimens. Seven measurements were performed for each film at room temperature. 8 CFU/mL) [46] , and diluted with a final concentration of 10 3 CFU/mL. The antibacterial activity of the films with carvacrol was determined using the agar diffusion method, according to Benavides et al. [22] . Briefly, the edible films were aseptically cut into 2 mm squares and placed on Muller Hinton agar plates, which had been previously spread with 1 mL of inoculum, each containing 10 3 CFU/mL of bacterial culture. The plates were incubated at 37 ± 1 ∘ C for 24 h. The diameter of the growth inhibition zones (inhibition halo) around the films was measured using a digital caliper (VWR, USA). The growth under the film discs (area of contact with the agar surface) was visually examined. The measurements were made in quadruplicate for each film.
Antimicrobial Properties of the
Botrytis cinerea by Vapour Contact Assay.
Considering the volatile characteristic of essential oils and their components, antifungal properties were observed using vapour contact [47] [48] [49] [50] . The effect of volatile oil fraction from films was studied with invert Petri dishes method. PDA medium was poured into 90 mm of Petri dish and spot inoculated to Botrytis cinerea. A film slice (1 cm size) was placed into the cover of each Petri dish, so that it does not directly touch the surface of agar medium. The space inside of the 
Data Analysis and Modeling
Experimental Design and Storage Conditions.
The storage conditions of films were optimized using the 3-factor-5-level central composite rotatable design (CCRD), of response surface methodology (RSM) software (Statgraphics Centurion XVII). The design required 17 runs derived from 8 combinations of the independent variables performed in random order, including 3 replicates at the central point and two axial points (one variable axis at a distance of 1.68 from the center). The 3 replicates at the central point were used to determine the experimental error and the variance and check the fit. The three depended responses (pH of FFE, relative humidity, and temperature), levels, and experimental design in terms of studied values can be observed in Table 1 . The experimental points were calculated as functions of the range of interest of each factor: temperature in the range of 4-30 ∘ C in order to evaluate the possible temperatures of commercial storage, pH between 4 and 8, and relative humidity (RH) from 75 to 100% and also RH of commercial storage, using the corresponding saturated salts [51] . Optima conditions were obtained using the optimization module of RSM software for each factor and for multiple responses taking into account the minima variation of color and opacity of films and the maxima inhibition of bacteria growth. All experiments were performed in randomized order to minimize bias effect. The experimental and predicted values were compared in order to determine the validity of the developed model. The verification of model was performed similar to the method applied by previous study.
Statistical Analysis.
ANOVA was performed to determine the differences between the encapsulating types in terms of the parameters studied using GraphPad Prism version 5.03 (GraphPad Prism Inc.). Significant differences between the emulsifier types were further analyzed using Tukey's Multiple Test (GraphPad Prism v5.03). The significance of the difference was determined at a 95% confidence level ( < 0.05).
Results
The characterization of film forming emulsions and films was evaluated in order to compare different concentrations and types of encapsulating agents (0.25 and 0.75% trehalose and 1% Tween 20) at different pH (4 and 8). Then, films were stored for 14 days in order to obtain the best conditions for prolonged release of the microencapsulated carvacrol from the films.
Characterization of Film Forming Emulsions.
The droplet size of each emulsion containing thyme oil and alginate using different encapsulating agents was measured since they might have a relevant impact on features such as color and mechanical properties of edible films [29] . The mean value obtained at initial time from droplet sizes ( 32 ) was 0.6 ± 0.2 m for samples containing 0.25% of trehalose or 1% of Tween 20 and 0.3 ± 0.2 m for samples with 0.75% of trehalose, independently of pH of emulsions. Though the high polydispersity of droplet diameters, statistical analysis shows significant differences at 95% of confidence in the diameter of droplets between both concentrations of trehalose. The high polydispersity is related to oil polarity, different interactions between components, viscosity, and solubilization rate which can influence the resulting droplet size [29, 52, 53] .
The stability of the film forming emulsions (FFE) is an important factor regarding edible coatings, especially in relation to commercialization and their application by spraying process on fresh foods. The stability of emulsions was measured at 40 ∘ C because it is the temperature of casting methodology. The instability of a colloidal dispersion increases at elevated temperatures, which is attributed to accelerated Ostwald ripening and/or coalescence processes by changes in nonionic surfactant properties [53] . Therefore, 40
∘ C was also selected in order to accelerate the instability process. The results of analysis of emulsions stability at different pH of final FFE and different type and concentrations of encapsulating agents are shown in Figure 1 . In the first place, the principal instability process observed for Tween 20 emulsions, as diminution of backscattering, was coalescence/flocculation and/or Ostwald ripening at both pH, being significantly lower at pH 4 (0.5-5%) comparing to pH 8 (5-12%). Regarding type of encapsulating agents, Tween 20 is the highest instable FFE, showing, besides, sedimentation at both pH. Comparing emulsions with different concentrations of trehalose at pH 4 it may be noticed that the destabilization mechanism was creaming for 0.25% trehalose and coalescence for 0.75% trehalose, while for pH 8 the behavior was the opposite: 0.25% trehalose destabilized by coalescence and 0.75% trehalose by creaming. These results showed the relevance of pH in emulsions components interactions.
Characterization of Films at Initial Time.
Moisture content of films after casting was in the range of 12 to 18% (dry basis). No significant differences ( > 0.05) were found for the type of encapsulating agent, concentration, or pH of the samples.
In order to obtain the variation of color of films (CIEDE2000), color parameters ( * , * , * , Hue, and Croma) of films were compared with control film (without antimicrobial and encapsulating agents) [42, 43] . Figure 2 (a) shows significant differences ( < 0.05) between types of encapsulating agent, but not by pH of films. All studied films showed color variations higher than 5, indicating perceptible changes on color comparing to control [54] .
Opacity, calculated using (2), was also affected by type of encapsulating agent and not by pH of films (Figure 2(b) ). Films containing Tween 20 presented higher opacity (value of 0.35-0.45) than the other agents (lower than 0.05), which are considered transparent [55] . This result was attributed to sedimentation in emulsions as observed in Figures 1(e)  and 1(f) , which subsequently affected formation of the film, principally in opacity. In other way, molecular mobility of the films was affected principally by pH ( < 0.05), showing lower mobility at pH 8 than pH 4 (Figure 2(c) ), where no significant differences ( < 0.05) were observed by type or concentration of encapsulating agent. Hydrophobicity of the films, measured by contact angle, was affected significantly ( < 0.05) by type of encapsulating agent but was not affected by pH of films (Figure 2(d) ). Films containing Tween 20 showed the highest hydrophobicity, due to the nonpolar nature of Tween 20. On the other side, as expected from the hydrophilic nature of trehalose, their addition to films diminished hydrophobicity comparing to alginate films. Figure 3 shows the influence of type and concentration of encapsulating agents together with pH on the surface morphology of films. García et al. [56] reported that films containing lipids showed SEM images with smooth surface and compact structure, indicating an homogenous dispersion (without phase separation) of lipids in the matrix. Films containing trehalose showed a homogenous and soft structure, comparing with Tween 20, which presented a wrinkled structure. However, presence of crystals (Figure 3(d) ) was observed at concentration of 0.75% of trehalose, which was associated with trehalose crystallization. Elizalde et al. [57] observed similar results during encapsulation of carotenoids by freeze-drying in a trehalose/gelatin matrix. Authors explained that sugar crystallization was influenced by water content, which promoted the release of encapsulated lipids.
The efficiency of encapsulation was measured through the % of release of carvacrol, by (3), where higher release of carvacrol indicates lower efficiency of encapsulation. The results obtained show significant differences ( < 0.05) between type and concentration of the encapsulating agents but not by pH. The efficiency of encapsulation was higher at 0.75% of trehalose, showing a value of 14% of carvacrol release comparing to 57% for 0.25% trehalose and 39% for Tween 20. This result is indicative that carvacrol was less released at higher concentrations of trehalose, being more encapsulated, and, therefore, it could be expected that it was released in a prolonged way during storage time.
Microbial growth such as E. coli on the surface of a food is a major cause of food spoilage and food-borne illness. Therefore, the use of edible active coating is interesting to inhibit spoilage and pathogenic microorganisms. Figure 4 shows that all parameters evaluated (type and concentration of encapsulating agents and pH) showed significant differences ( < 0.05) in the inhibition halo except for pH in samples using 0.75% of trehalose. The high diffusion of antimicrobial agent and, therefore, higher inhibition were observed for 0.25% trehalose, followed by Tween 20 and then by 0.75% trehalose (Figure 4 ). Alginate films containing Tween 20 showed more interactions (measured as numbers of new peaks by FTIR) in comparison with those films containing trehalose [58] . Therefore, these differences in inhibition halo between encapsulating agents may be due to possible interactions between the hydroxyl groups of trehalose or Tween 20 and alginate polymeric chains, affecting therefore the antimicrobial agent release.
Characterization of Physical and Antimicrobial Properties of Films during Storage.
Optical properties could change by humidity and temperature during storage conditions. Therefore, opacity and variation of color (CIEDE2000) for each time were evaluated during storage of 14 days comparing with the control film at initial time. Analysis was performed using the experimental design previously described, evaluating pH of film together with temperature and relative humidity as storage conditions. Taking into account the results of CDDR experimental design (Table 1) and Pareto diagram for each parameter, it may be concluded that relative humidity is the principal factor that affects significantly ( < 0.05) the opacity and variation of color of all evaluated films. In addition, inhibition halo was affected significantly ( < 0.05) by humidity and temperature, the antimicrobial activity diminishing as humidity increases, and temperature decreases (data not shown).
The desirability function method helps determine the combination of experimental factors which simultaneously optimizes multiple answers. Therefore, the optima conditions to obtain edible films with antimicrobial activity after 14 days of storage were chosen with the aim of minimizing each property (variation of color and opacity) and of maximizing inhibition of bacteria growth (maxima halo of inhibition). The desirability maxima reached and their responses are observed in Table 2 . The responses at each optimal condition showed high inhibition of E. coli since inhibition halo was similar to the one observed at initial time ( Figure 4 ). The optimal conditions were similar for relative humidity but varying for pH and temperature for the three evaluated films. The results showed that these films can be used at "room" storage condition with a 75% RH. However, other conditions may affect the fresh foods where these films are intended to be applied. Model verification was performed with an additional three sets of independent trials using the mentioned optimized conditions for each studied films. They were compared to the predicted value from the CCRD model. All trials were not significantly ( > 0.05) different between them. The coefficient variation (CV) was lower than 10% and the coefficient of determination (
2 ) between experimental values of each evaluated factor and the predicted value suggested by the desirability function was higher than 0.95. Therefore, the experimental results gave close values to the theoretical prediction, which meant that the results of validation parameters were satisfactory.
The high value of opacity as response of 1% of Tween 20 (Table 2) indicates that these films have no possibility of industrial applications. On the other hand, taking into account the low values of response corresponding to optical properties and the prolonged antimicrobial activity together with the optimal conditions for these values, it can be assumed that alginate films containing trehalose (at both concentrations) as encapsulating agent of carvacrol can be used as coating in fresh fruits. Taking into account these results, films containing trehalose were evaluated as antifungal films against Botrytis cinerea at the conditions found to be optimal. Films were stored at a relative humidity of 75% and a room temperature of 20 ∘ C, a mean of optima temperature obtained. The antifungal activity using the vapor phase methodology was evaluated at each storage time. Figure 5 showed the results obtained for inhibition of growth in edible films at both concentrations of trehalose and at different pH (4 and 8). Significant differences ( < 0.05) were obtained with pH but not with concentration of trehalose ( > 0.05), with the best antifungal film being the one prepared at pH 4. Although the antifungal activity diminished during storage time for films containing trehalose at pH 4, it is important to note that the diminution of fungal growth is higher than 50%, affirming that these films could be used by coating and/or without contact.
Conclusions
Results showed that the incorporation of trehalose improves the stability of film forming emulsion comparing to Tween 20, which presents sedimentation as instability mechanism. However, pH of emulsion was an important factor for its stability, being more stable at pH 4 than pH 8. Meanwhile, films containing trehalose were transparent comparing to opaque films with Tween 20 and differences on surface microstructure were observed between them.
During storage time, the different studied films presented different optima values of pH, relative humidity, and temperature to minimize responses as opacity and color variation and to maximize inhibition growth of bacteria. However, taking into account the multiple responses, the value of RH selected was 75%, but pH value and temperature was depending on the composition of each film. The responses observed of films stored at these optima conditions for 14 days showed that films containing trehalose (at both concentrations) are the most suitable to use in fresh foods stored at temperatures between 22 and 30 ∘ C and relative humidity of 75%. However, antifungal effect was depending on pH more than concentration of trehalose and was observed during 30 days of storage, where the inhibition of B. cinerea was higher than 50% at pH 4. Taking into account the microscopy of surface where crystals were observed at high concentration of trehalose, the best edible film was the sample with 0.25% trehalose at pH 4. Therefore, an antibacterial and antifungal alginate/trehalose edible film incorporated with carvacrol is a promising packaging material with good potential in many food applications.
